Colorectal cancer (CRC) is one of the most common tumor entities, which is causally linked to DNA repair defects and inflammatory bowel disease (IBD). Here, we studied the role of the DNA repair protein poly(ADP-ribose) polymerase-1 (PARP-1) in CRC. Tissue microarray analysis revealed PARP-1 overexpression in human CRC, correlating with disease progression. To elucidate its function in CRC, PARP-1 deficient (PARP-1
PARP-1 protects against colorectal tumor induction, but promotes inflammation-driven colorectal tumor progression 
/MGMT
−/− double knockout (DKO) mice developed more, but much smaller tumors than MGMT −/− animals. In contrast to MGMT-deficient mice, DKO animals showed strongly reduced AOM-dependent colonic cell death despite similar O 6 -methylguanine levels. Studies with PARP-1 −/− cells provided evidence for increased alkylation-induced DNA strand break formation when MGMT was inhibited, suggesting a role of PARP-1 in the response to O 6 -methylguanine adducts. Our findings reveal PARP-1 as a double-edged sword in colorectal carcinogenesis, which suppresses tumor initiation following DNA alkylation in a MGMT-dependent manner, but promotes inflammation-driven tumor progression.
DNA repair | PARP-1 | colorectal carcinogenesis | mouse models | intestinal inflammation C olorectal cancer (CRC) is one of the most commonly diagnosed cancer types worldwide and is responsible for about 10% of cancer-related deaths among Western countries (1) . The causes underlying the development of CRC are diverse and include genetic predisposition, inflammatory bowel disease (IBD), and lifestyle factors, such as alcohol intake and meat consumption (1) . Hereditary CRC syndromes are predominantly attributable to defects in DNA repair. The prime example is Lynch syndrome, which is induced by mutations in DNA mismatch repair genes, thereby leading to microsatellite instability (2) . DNA repair is also implicated in the etiology of sporadic CRC as illustrated by epigenetic inactivation of O 6 -methylguanine (O 6 -MeG)-DNA methyltransferase (MGMT), which highly predisposes to KRAS mutations induced by alkylating N-nitroso compounds (NOCs) (3) . The pivotal role of MGMT in the protection against NOC-induced CRC has recently been demonstrated (4, 5) .
Poly(ADP-ribose) polymerase-1 (PARP-1) is a nuclear enzyme belonging to the DNA damage surveillance network and a founding member of the PARP superfamily (6) . Following activation by DNA strand breaks, PARP-1 catalyzes the synthesis of poly(ADP-ribose) (PAR) in a NAD + -dependent manner, which accounts for the vast majority of cellular PAR formation (7) . The formed biopolymer is covalently linked to acceptor proteins, including PARP-1, in a process termed PARylation. This posttranslational protein modification is highly dynamic and fully reversible by enzymes responsible for PAR degradation, such as poly(ADP-ribose) glycohydrolase (PARG) (8) . Furthermore, PAR interacts in a noncovalent fashion with proteins involved in the DNA damage response (DDR), DNA repair, and cell cycle regulation via conserved binding motifs (9) . This process occurs Significance Poly(ADP-ribose) polymerase-1 (PARP-1) is a DNA repair protein and part of the genome maintenance network. On the other hand, PARP-1 is involved in pathophysiological processes such as inflammation. Chronic inflammation has emerged as a key event in carcinogenesis, including the formation of colorectal cancer (CRC). Our data reveal that PARP-1 is abundantly expressed in human CRC, correlating with disease progression. Using transgenic mouse models, we show that PARP-1 fosters inflammation-driven colorectal tumor growth and stimulates the IL6-STAT3-cyclin D1 axis in tumors. In turn, PARP-1 protects against alkylation-triggered colorectal tumor induction dependent on the repair protein O 6 -methylguanine-DNA methyltransferase (MGMT). These findings unveil the opposing functions of PARP-1 in CRC initiation and CRC progression and its link to MGMT.
with high affinity and specificity (10) . By means of covalent and noncovalent PARylation, PARP-1 regulates protein-protein interactions, protein activities, and their subcellular localization (11) .
PARP-1 has a fundamental role in the maintenance of genome stability and regulates chromatin structure (6) . PARP-1 participates in different DNA repair pathways, including base excision repair (BER) and DNA single-strand break (SSB) repair (11) . PARP-1 is also engaged in lesion sensing by recruiting ATM and MRN to sites of DNA double-strand breaks (DSBs) and of stalled replication forks (12, 13) . In line with these findings, PARP-1-deficient mice exhibit hypersensitivity to DNA damaging agents, with increased genomic instability and carcinogenesis at different sites (7, 14, 15) . A previous study reported an elevated number of colonic tumors in PARP-1 −/− animals, which were treated repetitively with the NOC-related carcinogen azoxymethane (AOM), implicating PARP-1 in the defense against NOCinduced CRC formation (16) .
On the other hand, PARP-1 is involved in pathophysiological processes such as neurodegeneration and contributes to inflammation, which occurs primarily by PARP-1-dependent coactivation of the proinflammatory transcription factor nuclear factor-kB (NF-κB) (7). This was illustrated in a study using transgenic PARP-1-deficient mice, which were resistant against the bacterial endotoxin LPS and displayed a markedly reduced expression of NF-κB-dependent proinflammatory genes (17) . It has also recently been shown that PARP-1-deficient mice are protected against acute colonic mucosal injury induced by dextran sodium sulfate (DSS) (18) . It is established that inflammatory processes, as observed in patients with IBD and in the inflammatory microenvironment in sporadic CRC, are tightly linked to the development and progression of malignant disease (19) . In light of these apparently opposing functions of PARP-1, we set out to clarify the role of PARP-1 in colorectal cancer induction and progression using murine models and human CRC tissue. Our study revealed that PARP-1 is a double-edged sword in CRC, which suppresses NOC-induced tumor initiation in a MGMT-dependent manner at the expense of enhanced tumor growth. Consistently, PARP-1 and its product PAR were overexpressed in human colorectal carcinoma specimens and correlated with tumor progression from healthy tissue to benign lesions and to invasive carcinoma.
Results

PARP-1 Is Abundant in Human Colorectal Carcinomas and Correlates
with CRC Progression. First, the protein expression of PARP-1 was assessed by immunohistochemistry (IHC) in a grading tissue microarray (TMA) comprising healthy colorectal tissue and ad- Fig. 1 . Expression of PARP-1 and its product PAR in CRC and correlation with disease progression. (A) PARP-1 staining in healthy colorectal mucosa, adenoma, and carcinoma with respect to the grade of differentiation. Representative cores of healthy tissue, adenoma tissue, and well-differentiated carcinoma (G1). (B and C) Quantitative evaluation of PARP-1 positive cells in healthy mucosa (n = 49), adenoma (n = 19), G1-G3 carcinoma (n = 19, 21, and 20, respectively). (D and E) Quantitative assessment of PAR staining, reflecting PARP-1 activity in situ, in the same set of tissue samples. Healthy mucosa (n = 39), adenoma (n = 19), G1-G3 carcinoma (n = 19, 20, and 19, respectively). Data represent median (B and D) or mean ± SD (C and E). ****P < 0.0001 as determined by Student's t test. enoma and carcinoma tissue with different histopathological grading (G1-G3). PARP-1 levels correlated well with CRC progression, showing lowest expression in healthy tissue and highest expression in carcinomas ( Fig. 1 A-C) . To test whether PARP-1 expression goes along with its activity, i.e., the formation of PAR, the biopolymer was stained in the same set of tissue samples. A striking increase of PAR levels was detected in tumor tissue compared with healthy mucosa, with a gradual decline of PAR-positive cells with advanced dedifferentiation (Fig. 1 D and  E and Fig. S2 ). In summary, both PARP-1 and its product PAR were markedly elevated in colorectal tumor tissue, suggesting a role of PARP-1 in CRC formation and progression. To analyze the role of PARP-1 in CRC etiology in more detail, the murine AOM/DSS model of colorectal carcinogenesis was used ( Fig. 2A) . AOM is a colonotropic tumor initiator causing DNA alkylation damage (e.g., N7-methylguanine, N3-methyladenine, O 6 -methylguanine, and others), while DSS induces tumor-promoting colitis. Tumor formation was assessed in PARP-1-proficient wild-type (WT) and PARP-1-deficient (PARP-1 −/− ) mice using noninvasive miniendoscopy ( Fig. 2 B and E ). An AOM dose of 10 mg resulted in a significantly higher tumor number in WT than in PARP-1 −/− animals (Fig. 2C ). This was also mirrored in the tumor score, which accounts for both tumor number and size (Fig. 2D) . The difference between WT and PARP-1 −/− animals was even more prominent at a high dose of 15 mg AOM (Fig. 2 F and G) , revealing significantly more tumors in WT mice. In agreement with these findings, tumors formed in WT animals were also larger than those of PARP-1 −/− animals ( Fig. S3 C and D) . Taken together, PARP-1 deficiency conferred resistance to AOM/DSS-induced CRC formation.
Lack of PARP-1 Increases DNA Strand Breaks Without Affecting AOMInduced Autophagy and Apoptotic Cell Death in Colon Crypts. Next, we wanted to study how PARP-1 deficiency affects DNA damage induction and downstream pathways, including cell death and autophagy. PAR formation was determined by mass spectrometry in liver and colon tissue, revealing a strong AOM-dependent increase of hepatic PAR levels in WT mice, while little effect was observed in colon tissue ( Fig. 3A and Fig. S4 ). In contrast, PARP-1 −/− mice completely lacked AOM-induced PARylation and displayed only low basal PAR levels in liver and colon as expected. The formation of the DNA adduct O 6 -methylguanine (O 6 -MeG) was then studied in liver and colon tissue, since it is the main DNA lesion driving AOM-induced CRC (3) . Quantitative analysis by mass spectrometry showed similar levels of O 6 -MeG DNA adducts in both genotypes 24 h after AOM administration (Fig. 3B ). This finding was confirmed by slot blot analysis using an antibody directed against O 6 -MeG (Fig. S5 B-D) . AOM-induced DNA strand breaks were then assessed using the alkaline Comet assay, revealing more DNA damage in liver tissue of PARP-1 −/− animals after 24 h (Fig. 3 C and D) compared with WT tissue. To assess potential differences in cell proliferation, colorectal tissue of WT and PARP-1 −/− animals was stained for proliferating cell nuclear antigen (PCNA) as proliferation marker. Quantitative evaluation revealed a similar level of PCNApositive cells in the basal colon crypts of both genotypes ( Fig. 3 E and  F) . Subsequently, we analyzed the induction of autophagy in colorectal tissue, which is an important cell survival mechanism in response to genotoxic stress. At 48 h following AOM administration, autophagic cells were labeled by the well-established autophagy marker LC3B. We observed no differences in the number of LC3B-positive cells between the genotypes, arguing against an involvement of DNA damage-triggered autophagy (Fig. 3 E  and G) . Moreover, AOM-triggered cell death was visualized in situ using terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining 48 h after treatment. PARP-1-deficient mice showed a low number of apoptotic cells in colon crypts, which was similar to WT animals (Fig. S5E , also see Fig. 7 D and E). In summary, although lack of PARP-1 resulted in a higher level of initial DNA strand breaks, it had no impact on were assessed after 16 wk by miniendoscopy, which was used to calculate the tumor score (G). Data are shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005 as determined by Student's t test.
cellular processes relevant to tumor initiation, including proliferation, apoptosis, and autophagy, in the colon epithelium.
PARP-1 Deficiency Attenuates the Innate Immune Response and
Colitis Following DSS Treatment. As PARP-1 is a known coregulator of the proinflammatory transcription factor NF-κB, the acute DSS-induced inflammation was assessed after the first DSS cycle using the murine endoscopic index of colitis severity (MEICS) (Fig. 4 A and B). PARP-1 −/− animals displayed a significantly lower level of intestinal inflammation compared with WT animals, which was even more pronounced at higher DSS doses (2.5% instead of 1%) ( Fig. 4 A and B) . Endoscopy revealed massive fibrin deposition, enhanced granularity, and thickening of the colon mucosa in WT animals, whereas in PARP-1-deficient animals, only little fibrin was visible and the mucosa appeared almost healthy with normal vascular pattern, low granularity, and high translucency (Fig. 4C , Top). Microscopic evaluation of H&E-stained WT colon sections showed loss of crypt architecture (arrows), disappearance of goblet cells (arrows), regions of mucosal erosions and hyperplasia (diamonds), together with mucosal edema (star) (Fig. 4C, Bottom) . In contrast, PARP-1 −/− animals exhibited little histomorphological alterations (Fig. 4C ). In line with these observations, reduced gene expression levels of proinflammatory cytokines (IL-1β and IL-6) and chemokine receptor (CXCR2) as well as decreased COX-2 staining were found in PARP-1-deficient mice ( Fig. 4D and Fig. S6B ). To detail the infiltration of different leukocyte populations, colon sections of WT and PARP-1 −/− mice were stained with CD11b (monocytes), F4/80 (macrophages), and CD3 (T lymphocytes). Analysis by confocal microscopy demonstrated a reduced number of monocytes residing in the submucosa of PARP-1 −/− animals (Fig. 4 E and G). Consistent with this finding, the level of macrophages localized to the lamina propria was also decreased (Fig. 4 F and H) . The proinflammatory cytokine HMGB1, which is secreted by activated macrophages and natural killer cells (20) , was found to be downregulated in PARP-1 −/− animals, further indicating an attenuated innate immune response ( Fig. 4I and Fig. S6C ). On the other hand, no differences were observed in the number of T lymphocytes present in colon tissue of both mouse strains ( Fig. 4J and Fig.  S6D ). In conclusion, PARP-1 deficiency conferred resistance against acute DSS-induced colitis, which was primarily attributable to a reduced innate immune response.
PARP-1 Supports Inflammation-Driven Tumor Growth and Fosters IL6-STAT3-Cyclin D1 Signaling in Colorectal Tumors. Having shown that PARP-1 knockout animals are resistant to colitis induction following a high DSS dose, we set out to determine the colitisassociated colorectal tumor formation. To this end, mice received 10 mg AOM followed by two cycles with 2.5% DSS, which resulted in strong tumor formation already detectable by miniendoscopy after 8 wk. Owing to the accelerated tumor growth, animals were killed after 12 wk and the tumors were documented by imaging with the miniendoscopy system after methylene blue staining (21) , which enhances their visibility (Fig. 5A) . In general, both the tumor number and tumor score in the distal part of the colon were strongly elevated in both genotypes if compared with the previous experiment with 1% DSS (Fig. 5B and Fig. S7A vs. Fig. 2 B and  C) . Nevertheless, PARP-1 −/− animals displayed a reduced tumor burden, which was even more obvious in the proximal part of the colon (Fig. 5C and Fig. S7 B and D) . Histopathological analysis of H&E-stained tumor tissue sections revealed a predominant cribriform growth pattern in both WT and PARP-1 −/− animals, with a higher aggressiveness and signs of putative invasion in tumors of WT mice ( Fig. 5D and Fig. S8) . Furthermore, the IL6-STAT3-cyclin D1 axis, which is driven by NF-κB, was analyzed in tumor tissue sections by IHC and confocal microscopy. Interestingly, WT tumors showed a higher level of phosphorylated STAT3 (Fig. 5E ) and an increased expression of its downstream target cyclin D1 (Fig. 5F) . Collectively, the data show that PARP-1 promotes inflammation-driven colorectal tumor growth. The findings further indicate a PARP-1-mediated stimulation of the IL6-STAT3-cyclin D1 axis in tumors, thereby likely fostering tumor growth and progression in WT animals. (Fig. 6 A and B) , which were treated with the same AOM/DSS protocol in a previous study (4) . As expected, DNA repair-competent WT animals displayed the lowest tumor number (4), while PARP-1 single knockouts showed moderately higher tumor number as the corresponding WT animals. It is important to note that PARP-1 −/− animals were challenged here with 5 mg AOM and developed almost the same number of tumors as the control treated with 0 mg AOM (Fig. S9) . Interestingly, DKO mice and MGMT −/− mice yielded almost comparable tumor scores (Fig. 6C) . This was attributable to the tumor size, which was significantly smaller in DKO mice compared with MGMT-deficient animals (Fig. 6D) , lending further support for a role of PARP-1 in tumor growth and progression. -MeG adduct levels were determined by mass spectrometry in liver and colon tissue of all used mouse strains 24 h after AOM administration. Importantly, both MGMT −/− and DKO animals displayed comparable AOM-induced O 6 -MeG levels in liver and colon, which were higher than those observed in WT and PARP-1 single knockouts (Fig. 7A) . To study the interplay of PARP-1 and MGMT in response to alkylation-induced DNA damage in more detail, we switched to a cell model. PARP-1-deficient HCT116 cells were generated by means of the CRISPR/ Cas9 system and validated using DNA sequencing, Western blot analysis, and immunofluorescence microscopy (Figs. S10 and S11). Fig. 7 B and C) . In contrast, DNA strand-break induction was lower in PARP-1-proficient HCT116 cells and was unaffected by MGMT inhibition (Fig. 7 B and C) .
Since O 6 -MeG is known to be a cytotoxic lesion (22) , apoptosis was analyzed in colorectal tissue of all genotypes 48 h after AOM treatment by means of TUNEL staining. Consistent with a previous report (4), mice lacking MGMT exhibited increased levels of apoptotic cells in colon crypts due to the accumulation of cytotoxic O 6 -MeG adducts (Fig. 7 D and E) . Strikingly, DKO animals showed a significantly lower number of apoptotic cells per crypt compared with MGMT single knockouts (Fig. 7 D and E) , although they harbor the same O 6 -MeG adduct levels (Fig. 7A) . Altogether, these findings indicate that PARP-1 contributes to the repair of O -MeG adducts. On the other hand, PARP-1 fuels NF-κB-driven intestinal inflammation and stimulates the IL6-STAT3-cyclin D1 axis, thereby promoting tumor progression. Consistent with these findings, we show that PARP-1 is overexpressed in human CRC and correlates with disease progression.
Discussion
In this study, we dissected the role of PARP-1 in colorectal carcinogenesis using transgenic mouse models and human tissue specimens. First, we performed TMA analysis of human healthy colon tissue and colorectal tumors with respect to their histological grading. Our results showed a clear association between PARP-1 and colorectal cancer progression, with highest levels found in moderately differentiated carcinomas. This extends previous studies, which indicated enhanced PARP-1 expression in adenomas versus normal mucosa using qualitative IHC and PARP-1 mRNA analysis, respectively (23, 24) . Furthermore, we were able to show that increased PARP-1 expression in carcinoma tissue correlates with a higher PAR level, reflecting an enhanced PARP activity. The data indicate that high PARP-1 expression confers a growth advantage to established tumors. This notion was corroborated using the murine AOM/DSS model of colorectal carcinogenesis. Intriguingly, PARP-1-deficient mice showed strongly reduced tumor formation and tumor growth compared with WT animals. PARP-1 is well known for participating in different DNA repair pathways, such as BER, SSB, and DSB repair, which are all relevant for protecting against DNA alkylation damage (22). Consistently, detailed analysis showed lack of AOM-induced PARylation and higher levels of DNA strand breaks in PARP-1-deficient animals, but did not translate into increased tumor formation compared with the WT. AOM-induced O
6
-MeG, a driver lesion in CRC, was largely unaffected by genetic ablation of PARP-1 as confirmed by mass spectrometry. To explain the observed differences in tumor formation, we analyzed cellular pathways downstream of DNA damage. These include apoptosis and autophagy, which are both tumor-suppressive mechanisms (25) , in particular at early stages of carcinogenesis. However, PARP-1 deficiency affected neither AOM-induced cell death nor autophagy. It is further established that excessive PARP-1 activation is able to provoke necrosis due to NAD + and ATP depletion as well as apoptosis-inducing factor (AIF)-mediated caspaseindependent cell death (26) . This PARP-1-dependent cell death was described after administration of the S N 2-alkylating agent methyl methanesulfonate (MMS) at high doses, causing severe tissue toxicity (27) . It is also known that a high dose of the S N 1-alkylating agent streptozotocin, a glucosamine-nitrosourea conjugate, causes massive DNA alkylation damage and strong PARP activation in pancreatic β-cells, leading to their destruction in a PARP-1-dependent manner (28) . However, a rather low dose of AOM was used in our study, arguing against a hyperactivation of PARP-1 and subsequent NAD + depletion. As inflammation is an important driver in CRC and PARP-1 a known coactivator of NF-κB, we analyzed the effects of PARP-1 deficiency on DSS-induced colitis. Lack of PARP-1 strongly reduced inflammation in the large intestine, which was primarily attributable to an attenuated innate immune response. This was evidenced in PARP-1 −/− animals by reduced infiltration of monocytes and macrophages, lower levels of proinflammatory cytokines such as IL-6 and IL-1β, and enhanced levels of HMGB1 and COX-2. In contrast, no differences were observed with regard to the infiltration of CD3-positive lymphocytes. These findings extend a previous study, in which acute colitis was induced by rectal instillation of trinitrobenzene sulfonic acid (TNBS), revealing impaired neutrophil activation and decreased mucosal injury in PARP-1-deficient mice (29) . Our data are further supported by a recent study, which revealed a transcriptional reprogramming of the colon mucosa and reduced levels of the proinflammatory cytokines TNFα and IL-17 following high dose DSS administration, leading to colitis resistance in PARP-1 −/− animals (18) . In line with our observation, PARP-1 knockout was reported to attenuate the proinflammatory gene expression and intestinal inflammation following infection with Salmonella enterica (30), highlighting the driving role of PARP-1 in intestinal inflammation. Interestingly, mice with a deficiency for PARG, the enzyme responsible for PAR degradation, are also protected against intestinal inflammation induced by splanchnic ischemia/reperfusion or TNBS instillation (31, 32) , indicating that both PARG and PARP-1 are vital for the intestinal inflammatory response by regulating cellular PAR levels and NAD + consumption. The observed protection of PARP-1-deficient animals against DSS-induced colitis was associated with a significantly reduced colonic tumor formation, even at high DSS doses. The AOM/ DSS-induced tumors from WT animals exhibited a higher degree of aggressiveness and signs of invasion. Further IHC analysis of the isolated tumors revealed higher levels of STAT3 activation and up-regulation of cyclin D1 in WT tumors, thereby likely fostering tumor progression and growth. This finding is consistent with the strong down-regulation of the NF-κB target IL-6 shown herein. IL-6 is a key molecule in chronic inflammatory bowel disease, which links inflammation to CRC development via STAT3 activation (33) . STAT3, in turn, plays an important role in the maintenance of a procarcinogenic microenvironment in tumorigenesis, stimulates tumor cell proliferation, and inhibits antitumor immunity (34) . STAT3 has also been implicated in the expression of cyclin D1, which promotes cell proliferation and is overexpressed in human CRC (35) .
The role of PARP-1 in tumor initiation and progression was dissected using MGMT/PARP-1 DKO animals. These mice developed even more tumors than MGMT single knockouts, which are already highly sensitive to AOM-induced colon carcinogenesis (4). This was not attributable to differences in AOM-induced colonic O 6 -MeG adducts, which were very similar in both genotypes (DKO and MGMT
−/−
). Using a CRISPR/Cas9-engineered cell model, we provide evidence that PARP-1-deficient cells display more DNA strand breaks after DNA methylation, which further increased if MGMT was inactivated. This finding implicates PARP-1 in the response to persistent O with these observations, PARP-1 deficiency was shown to increase genomic instability in vivo following exposure to the alkylating agent N-nitrosobis(2-hydroxypropyl)amine (36) . Moreover, our data revealed that AOM-induced cell death in colon crypts is reduced in DKO animals compared with MGMT −/− animals, although the level of cytotoxic O Intriguingly, the tumors in DKO mice were much smaller compared with those of MGMT −/− mice, corroborating the importance of PARP-1 for tumor progression. It should be mentioned that PARP-1 was previously identified as a component and coactivator of the oncogenic T-cell factor-4 (TCF-4)/ β-catenin complex (23), whose deregulation is an important step in early colorectal carcinogenesis (2), and may thereby also promote tumor growth. In agreement with this notion, it was shown that PARP-1 promotes hepatocellular carcinoma growth and is critical for proinflammatory and angiogenic gene expression, which is significantly reduced by PARP inhibition (37) .
In view of our findings, pharmacological inhibition of PARP-1 may be an interesting therapeutic strategy to prevent or reduce the risk of CRC development in patients with IBD, who are notoriously difficult to treat and have limited therapeutic options. This idea is supported by previous studies with PARP inhibitors (PARPi), demonstrating a reduced inflammation in rodents upon TNBS-induced colitis and a normalized colon permeability with reduced expression of proinflammatory cytokines in IL-10-deficient mice (38, 39) . Considering our results in MGMT −/− /PARP-1 −/− DKO mice, it would however be important to assess the MGMT status in patients with IBD before starting the treatment with PARPi. Inactivation of MGMT by promoter hypermethylation predisposes to alkylation-induced CRC and is frequently found in sporadic colorectal carcinogenesis (3), but also occurs in ulcerative colitis-associated dysplasia (40) . Thus, PARPi treatment could increase the risk of these patients to develop CRC. Finally, the high levels of PARP-1 and its product PAR in human colorectal carcinoma and its significant role in stimulating tumor growth in mice shown herein suggest that colorectal tumors may rely on PARP-1 expression and/or its activity. This might offer novel treatment options in CRC therapy by combination of PARPi with chemotherapeutics or biologicals in advanced stages of CRC. Interestingly, a few clinical trials are already ongoing or have been launched in patients with CRC, in which PARPi are used as monotherapy or in combination with DNA-damaging anticancer drugs (41) .
In conclusion, our study revealed that PARP-1 is a doubleedged sword in colorectal carcinogenesis. On the one hand, PARP-1 counteracts NOC-induced tumor initiation by repair of DNA alkylation damage and elimination of colonocytes harboring mutagenic O 6 -MeG adducts. On the other hand, PARP-1 drives intestinal inflammation via the innate immune response and promotes colorectal tumor growth through activation of the IL6-STAT3-cyclin D1 axis. , DKO, and C57BL/6 WT animals. All mouse strains were obtained from the in-house animal breeding facility at the University Medical Center, Mainz. The AOM/DSS model was applied to induce DNA damage-initiated, inflammationdriven colorectal carcinogenesis (43) . AOM (Sigma-Aldrich) was dissolved in distilled water and diluted with PBS to the desired concentration, ranging from 0 to 15 mg/kg body weight (BW). A single initial i.p. injection of AOM was followed by two subsequent cycles of 1% or 2.5% DSS (MP Biomedicals) in the drinking water as described previously (4) . A high-resolution miniendoscopy system (Karl Storz) was utilized to monitor intestinal inflammation after the first DSS cycle and the formation of colorectal tumors after 16 wk. Inflammation was determined as MEICS (44) . The MEICS is based upon five different parameters: thickening of the colon wall, changes of the normal vascular pattern, presence of fibrin, granularity of the mucosal surface, and stool consistency (44) . Colorectal tumors were scored with regard to their number and size (4) . In the experimental setup with 2.5% DSS, miniendoscopy could not be performed due to a high number of large tumors localized to the rectum. Instead, mice were killed and the isolated colon was longitudinally opened to evaluate tumor number and size, which was documented with the camera of the miniendoscopy system.
Cell Culture, Creation, and Validation of HCT116-PARP-1 −/− Cells. HCT116-PARP-1 −/− cells were generated by CRISPR-based targeting as outlined in SI Materials and Methods. Generated clones were screened for PARP-1 expression via immunofluorescence and Western blot using a rabbit monoclonal anti-PARP1 antibody (9532, Cell Signaling) (Fig. S9A) . Genomic DNA from PARP-1 knockout clones was extracted and the sequence surrounding the CRISPR-target sequence was amplified by PCR using primers TTCTAAAGTGTGGGAGGGGC and AGAACTGGTGGGAAAGCCTG. Sequencing of the obtained PCR product revealed a one-nucleotide insertion right after the CRISPR-targeted sequence in clones 9 and 10, resulting in an early stop codon (Fig. S9B ). Clone 9 was used for the experiments. PARP-1 and PAR formation were assessed in HCT116-PARP-1 KO and parental cells exposed to 1 mM H 2 O 2 for 5 min. After fixation, cells were stained with a PARP-1 antibody (GTX112864, 1:250; Genetex) or a PAR antibody (clone 10H; 1:250) and appropriate secondary antibodies. Slides were then analyzed by confocal microscopy as described below.
All HCT116-derived cell lines were cultured in RPMI containing 10% FCS and 1% penicillin/streptomycin (p/s). All cell lines were maintained at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Cell culture medium and supplements were obtained from Gibco Life Technologies unless otherwise stated. Cell lines were mycoplasma negative as revealed by PCR detection and immunofluorescence microscopy with nuclear staining.
Tissue Collection, Processing, and Histopathology. Mice were killed at the respective time points after AOM injection (24 and 48 h), after the first DSS cycle (10 d) or at the end of the experiment (12 or 16 wk). Collected tissue was processed as described in SI Materials and Methods. For histopathological evaluation, H&E staining was performed. Samples were analyzed with a Zeiss Axiovert 35 microscope, which was equipped with an Olympus Colorview I camera. Images were acquired with Cell-A 5.1 software (Olympus).
Immunohistochemistry and Confocal Microscopy. Paraffin sections of formaldehydefixed colon tissue were processed for immunohistochemistry as previously described (4) . The following primary antibodies were used for the immunofluorescence staining: COX-2 (610204, 1:400; BD Transduction Laboratories), CD11b (NB110-89474, 1:400; Novus Biologicals), CD3 (MCA500A488, 1:400; AbD Serotec), cyclin D1 (2978, 1:50; Cell Signaling Technology), F4/80 (BM4007, 1:400; Acris Antibodies), HMGB1 (GTX101277, 1:400; GeneTex), LC3B (3868, 1:250; Cell Signaling Technology), PCNA (sc-56, 1:400; Santa Cruz Biotechnology), and phosphorylated STAT3 (9145, 1:200; Cell Signaling Technology). The following secondary antibodies were used: goat antimouse Alexa Fluor 488 (A11001, 1:500; Life Technologies), goat anti-rabbit Alexa Fluor 488 (A11008, 1:500; Life Technologies), and goat anti-rat Cy3 (112-165-167, 1:500; Jackson ImmunoResearch). IHC staining and confocal microscopy were performed as recently described (4) . To detect apoptotic cells in colorectal tissue, the TUNEL assay was used as reported previously (4).
mRNA Extraction, cDNA Synthesis, and Quantitative PCR. Snap-frozen colon tissue was pestled and mRNA was isolated using the NucleoSpin RNA kit (Macherey-Nagel) according to the manufacturer's protocol. Subsequent cDNA synthesis and Real-Time PCR were performed as described in SI Materials and Methods.
Isolation of Genomic DNA and Detection of O -MeG Adducts by Immuno Slot Blot Analysis. Snap-frozen colon and liver tissue was homogenized and samples were digested with RNase A (Sigma) followed by proteinase K (Sigma) overnight. After phenol-chloroform extraction, isolated genomic DNA was precipitated with ethanol and dissolved in Tris-ethyldiethylamine tetraacetic acid (TE) buffer (pH 7.4). O 6 -MeG DNA adducts were then analyzed via an immuno slot blot assay (45) .
Quantification of O
6
-MeG Adducts by UPLC-MS/MS. DNA samples were spiked with the internal standard (IS), d3-O 6 -methylguanine (Toronto Research Chemicals). Thermal acid hydrolysis was performed for 2 h at 70°C. After cooling and neutralization, an aliquot was removed for HPLC analysis to verify complete release of guanine, as described previously (46) . Sample analysis by LC-MS/MS and quantification is detailed in SI Materials and Methods.
LC-MS/MS Analysis of PAR Levels. Snap-frozen mouse tissues (30-50 mg) were cut into pieces and homogenized with a tissue disruptor (QIAGEN) in 1 mL of 20% TCA (wt/vol). Afterward, PAR was purified and analyzed by mass spectrometry as described previously (47) .
Alkaline Comet Assay. AOM-induced DNA strand breaks in liver tissue were analyzed via single-cell gel electrophoresis. Briefly, frozen mouse liver tissue was homogenized in Merchant's medium and mechanically separated into a single-cell suspension with a 70-μm cell strainer (48) . To this end, 1 × 10 3 cells per milliliter were mixed with 5% low melting point agarose, transferred onto agarose-coated slides, and allowed to settle. The alkaline Comet assay was then performed as reported (49, 50) . In each experiment, at least 50 cells were scored per sample using the software Comet Assay IV (Perceptive Instruments). HCT116-PARP-1 +/+ and HCT116-PARP-1 −/− cells were grown overnight and incubated for 24 h with the S N 1-alkylating agent TMZ (500 μM; ScheringPlough), which induces the same spectrum of alkylated DNA adducts as AOM used in the animal experiments. To inactivate cellular MGMT, cells were incubated with the potent MGMT inhibitor O 6 -benzylguanine (20 μM; Sigma Deisenhofen) for 2 h before TMZ addition. Cells were then harvested and processed for the alkaline Comet assay as described (49, 50) .
Human Tissue Samples. Two different TMAs with a total of n = 128 patients with colorectal adenoma and carcinoma were analyzed. Patients were stratified according to the histopathologic grading of their respective tumor (grading TMA). Additionally, normal colonic mucosa as well as colorectal adenoma were evaluated. In short, for TMA generation, tumorous regions were identified by a pathology expert and two representative tissue cores of 1.0-mm diameter were transferred to the final TMA acceptor block using the TMArrayer (Pathology Devices, Inc.). Formalin-fixed paraffin-embedded (FFPE) sections were generated and immunohistochemistry was performed on the Dako Autostainer (Dako Agilent Pathology Solutions) according to the manufacturer's guidelines. The staining procedure and image analysis are described in SI Materials and Methods. Tissue samples were provided by the tissue bank of the University Medical Center, Mainz, and procedures were in accordance with the regulations of the tissue bank. Sample acquisition was approved by the appropriate ethics committee in accordance with all relevant guidelines.
Statistics. Experiments were performed independently three times, except where otherwise stated. Figures show representative images. Values are depicted as mean ± SEs (SEM) using GraphPad Prism 6.0 Software. Statistical analysis was performed using two-sided Student's t test and statistical significance was defined as P < 0.05.
Study Approval. All animal experiments were approved by the government of Rhineland-Palatinate and the Animal Care and Use Committee of the University Medical Center, Mainz, and performed according to German federal law and the guidelines for the protection of animals. 
